Thirty-one isolates of Aeromonas spp. from food and water in Norway were classified and tested for possible virulence factors including cytotoxins (tissue cultures, PCR), enterotoxins (PCR) and invasion ability (Caco-2 cells). Five different species were recorded, A. caviae (9/31), A. hydrophila (15/31), A. schubertii (3/31), A. trota (3/31) and A. veronii biovar veronii (1/31). One of the A. hydrophila strains was probably responsible for a small outbreak of food poisoning caused by ingestion of raw fermented fish. All the A. hydrophila strains produced and secreted cytotoxins at 37³C, as well as two A. trota strains and the single A. veronii biovar veronii strain. In some cases increased cytotoxin secretion was observed under osmotic stress. The majority of the A. caviae strains which produced cytotoxins at 30³C were unable to produce and/or secrete cytotoxins at 37³C. One A. schubertii strain and one A. caviae strain were invasive. z
Introduction
Aeromonas spp. are Gram-negative rod-shaped, facultatively anaerobic, oxidase-positive and glucose-fermenting bacteria. The majority of them are motile [1] . The genus Aeromonas currently belongs to the family Vibrionaceae, although a new family Aeromonadaceae has been proposed [2] . The traditional classi¢cation of the genus comprised only four di¡erent species although DNA studies led to the suggestion of 14 di¡erent species [3] . Currently a species typing scheme based on biochemical reactions can divide Aeromonas spp. into seven di¡erent species [1, 4] . Although Aeromonas spp. were suspected to be the cause of water-and food-borne gastroenteritis [1] , no de¢nite proof for their involvement has been supplied so far. However, outbreaks have recently been reported by several authors (for review see [1] ). Three species, A. hydrophila, A. caviae and A. veronii biovar sobria, have been suggested as a cause of human gastroenteritis [1, 5] .
Potentially Aeromonas spp. can become a serious food problem, as many of them can grow at refrigeration temperatures, at pH values of 4^10, under most atmospheres used to prevent bacterial growth in foods and in the presence of high salt concentration [1, 6] . A variety of virulence factors and potential enterotoxins have been characterised [1] , and some strains were shown to invade epithelial cells [7, 8] .
This study was done to isolate Aeromonas spp. from foods and water, and characterise them with respect to known potential gastrointestinal virulence factors.
Materials and methods

Bacterial strains
The Aeromonas spp. strains were isolated by several di¡erent national food control laboratories (KNTs) throughout Norway. Strains isolated from foods or the environment were sent to our laboratory for typing, according to the methods described by Janda et al. [4] . The Aeromonas strains were maintained on blood agar plates at 4³C after 1 day of growth at 30³C. Long-term storage of the strains was done at 370³C in meat broth (meat extract, 5 g l 3I ; yeast extract, 1 g l 3I ; peptone, 10 g l 3I ; NaCl, 5 g l 3I ; Na P HPO R W2H P O, 2 g l 3I , inactivated horse serum 100 g l 3I , adjusted to pH 7.4 with NaOH) containing 13.5% (v/v) glycerol.
Haemolytic activity of isolates
Haemolysin production was determined by growth on blood agar plates at 30³C for 48 h, and haemolytic zones recorded.
Cytotoxin production
Cytotoxin(s) was produced by growth of Aeromonas spp. in brain heart infusion medium (BHI broth, Oxoid) at 30 or 37³C overnight (16 h). Cytotoxin (enterotoxin) was also produced in BHI broth with addition of 0.4 M KCl. The cells were collected by centrifugation (10 000Ug, at 4³C for 20 min), and the supernate was tested for cytotoxin activity in a Vero cell assay. The supernates of strains with low activity were concentrated 10-fold with 80% saturated ammonium sulfate. The protein precipitate was dissolved in 20 mM phosphate bu¡er pH 7.2 and dialysed against the same bu¡er with two bu¡er changes. Inhibition of protein synthesis in the Vero cells was used as a measure of toxicity, as described in [9] . This was tested on leucine-starved Vero cells. The toxic extracts were incubated with the Vero cells for 2 h. After washing, the cells were incubated with [ IR C]leucine and the ability to incorporate the leucine was measured. The toxin concentrations were chosen to obtain results both above and below 50% inhibition in order to estimate the concentrations giving 50% inhibition of the protein synthesis. Dilution and concentration of the toxic supernates were often necessary to achieve this. All experiments were performed in duplicate and repeated twice. The mean values of the experiments given. The same assay with human colonic epithelial cells (Caco-2 cells) gave similar, but consistently slightly higher toxicity than with Vero cells. Since growing Caco-2 cells takes seven times longer, they were not used for routine assays. [10] was used. The primers used for detection of the haemolytic enterotoxin [11] and aerolysin are shown in Table 1 , and the primers used for detecting the cytotonic enterotoxin gene [12] were: forward, 5P-ATGACCCAGTCCTGGCAC-GG-3P (position 106^125); reverse, 5P-GCCGCTC-AGGGCGAAGCCGC-3P (position 585^566) with an annealing temperature of 55³C. The expected product size is 482 bp.
PCR reactions
Invasion studies
The invasive properties of the Aeromonas strains were tested according to Janda et al. [13] , with the human colonic cancer line Caco-2. The cells were cultured in Bio Whittaker's RPMI 1640 (500 ml) without glutamine with the addition of 50 ml foetal calf serum, 0.3 ml gentamicin (100 mg ml 3I ), 6 ml L-glutamine (200 mM) in 24-well chambers (Nunc Inc., Naperville, IL) at 37³C in 5% CO P . The cultures were used after 5^6 days of culture. Twenty-four hours before use the cells were washed once and grown in the above medium without gentamicin. The Aeromonas strains were grown anaerobically in LB broth at 30³C for 16 h (to achieve the best possible results [13] ). The cells were harvested and washed in LB broth and diluted to about 10 V cfu ml 3I . The number of Aeromonas spp. were controlled (as cfu) by serial dilution and seeding on blood agar plates. About 10 U Aeromonas spp. cells were inoculated into the growth medium of the Caco-2 cells for the invasion studies. After 90 min incubation 100 Wg ml 3I of gentamicin was added to the cell growth medium. The surviving bacteria inside the Caco-2 cells were determined by plating on blood agar after washing with 1% Triton X-100. An invasive strain of Salmonella typhimurium was used as positive control. Table 2 gives an overview of the strains used in this study with their sources and di¡erent properties. Among the 31 isolated strains ¢ve di¡erent species are represented. A. hydrophila is the dominating species (15/31) while A. caviae is the second most frequently isolated species (9/31). Three strains of A. schubertii and A. trota were found while only one A. veronii biovar veronii strain was isolated. Of the phenotypic species [4] , A. jandaei and A. veronii biovar sobria were not isolated.
Results
Aeromonas spp. were isolated from a variety of foods (Table 2) . Although water and foods from watery environments dominated, meat, egg and vegetables were also represented. This shows that all kinds of foods, not unexpectedly, can be contaminated with Aeromonas spp.
The strains of A. hydrophila and A. trota and A. veronii biovar veronii were L-haemolytic on blood agar, while A. caviae was variable and A. schubertii negative. The majority of the strains (23/31) produced and secreted cytotoxin at 30³C, indicating possible enterotoxin activity. All the A. hydrophila, the three A. trota and the A. veronii biovar veronii produced cytotoxin, while of the remaining strains four out of nine A. caviae were positive. Only two strains were convincingly invasive (Table 2 ) although a few bacteria were isolated from the cell cultures of two additional strains (marked (+) in Table 2 ). The two invasive strains were one A. schubertii and one A. caviae strain.
Since it has been suggested that a modi¢ed aerolysin gene serves as a cytolytic enterotoxin, due to modi¢cation of the gene [11] , we designed PCR primers to detect genes with similar modi¢cations. The primer 4R binds to this modi¢ed part of the gene. To our surprise none of the strains gave any product with an expected size using this primer. However, several strains gave a product of 205 bp. By analysis of binding sequences using the program Amplify (B. Engels, University of Wisconsin, Madison, WI, USA, 1992) we found a possible binding sequence that would give a product of 205 bp, from aerolysin and the cytolytic enterotoxin (Table 1: sequence in parentheses). We therefore also made primers for the promoter sequence and for the aerolysin gene. The enterotoxin and the aerolysin pro- F: forward; R: reverse. According to the sequence in Chopra et al. [11] . At 45³C the reverse primer also binds to this sequence giving a 205-bp band.
moter sequence are close to identical in this area. The PCR results of this investigation are also summarised in Table 2 . Eighteen of the strains gave positive PCR results for the promoter region and 14 gave positive results for the aerolysin gene (Table 2) . It is interesting to note that four strains (strains 7, 23, 24 and 30) that did not test positive for aerolysin, using PCR, are haemolytic ( Table 2 ). The same four strains were also cytotoxic. Strains 1 and 9 were also cytotoxic although non-haemolytic, and PCR-negative for aerolysin.
The majority of the strains (23/31) were PCR-positive for a newly characterised heat-labile cytotonic enterotoxin from A. hydrophila [12] . This enterotoxin would not test positive in the cytotoxicity test. Taken together it seems as if only ¢ve of the 31 Aeromonas strains are free of potential virulence factors as shown by the methods summarised in Table 2 . Those are one A. schubertii (strain 25) and four A. caviae (strains 1, 2, 5, 6) strains.
Initially all cytotoxicity was tested by growth of the Aeromonas spp. at 30³C. If the cytotoxins are to be produced in the human host it must be produced at 37³C and under osmotic stress. We therefore tested for production and secretion of cytotoxins (possible enterotoxins) under those conditions (Table   Table 2 3). In Table 3 the relative toxicity is given under those di¡erent conditions (the value 1 is given for the most potent cytotoxin). It is obvious that the cytotoxin from A. caviae is either not produced or produced in very low amounts at 37³C under osmotic stress, an interesting feature in view of its being one of the most frequently isolated Aeromonas species involved in gastroenteritis [1, 5] . The same tendency is also observed for the strains of A. schubertii and A. trota. For the A. hydrophila strains there is also a tendency to higher toxin production and secretion at 30³C than at 37³C, although there are exceptions. However, at least eight strains of A. hydrophila and the single A. veronii biovar veronii strain produce relatively high amounts of cytotoxin at 37³C under osmotic stress (toxin values 6 20). For seven of these strains the cytotoxin seems to be osmoregulated (Table 3) .
Discussion
A. hydrophila and A. caviae are known to be associated with gastroenteritis [1] . This could simply be because they are the most abundant of the Aeromonas species. A. veronii biovar sobria, known to cause the most severe Aeromonas (dysenteric) gastroenteritis, was not isolated at all during our survey.
Apart from the results for the three strains of A. schubertii the results on haemolysis are as expected [1] . A. schubertii is supposed to be L-haemolytic, at least on sheep blood agar, thus our use of cattle blood may explain the discrepancy.
Four strains were PCR-negative for the aerolysin gene, but positive for the promoter (Table 2 ). It is likely that these strains have a modi¢ed aerolysin gene in a way that makes it PCR-negative. Substantial variation in the sequences of the aerolysin gene has been reported [11,14^17] . All the A. hydrophila strains produced cytotoxin under all the conditions tested (Table 3) , while it is obvious that the cytotoxin from A. caviae is either not produced/secreted or produced in very low amounts at 37³C under osmotic stress, an interesting feature in view of its being one of the most frequently isolated Aeromonas species involved in gastroenteritis [1, 5] .
Only ¢ve of the strains (strains 5, 6, 7, 19, 20) in this survey have been isolated from food involved in food poisoning. All strains were isolated from an outbreak where three out of four people who had eaten raw fermented ¢sh became ill [18] . The fermented ¢sh contained up to 10 U of mainly A. hydrophila. From Tables 2 and 3 it is possible that one of the two A. hydrophila strains was the cause of the disease. Only strain 20 is osmoregulated and a good candidate for the reason of the small outbreak, although this strain does not seem to be among the most cytotoxic strains in this survey. However, both strains 19 and 20 were PCR-positive for the cytotonic enterotoxin, and we cannot exclude that this toxin caused the food poisoning.
Little is yet known about the virulence of the possible enterotoxins of Aeromonas spp. There is no doubt that at least three di¡erent species of Aeromonas have been involved in food poisoning [1] , but there is no documentation of which enterotoxin(s) is responsible. Two potential candidates have been characterised after cloning [11, 12] , but that does not exclude other enterotoxins. Several papers (for review see [1] ) have pointed towards a haemolysin as a good candidate for the main enterotoxin, and it has been claimed that this might be a modi¢ed aerolysin. We have, however, shown that aerolysin without the modi¢cation described by Chopra et al. [11] is cytotoxic to Caco-2 cells, and is responsible for at least most of the cytotoxic activity, if not all from many strains (Òrmen and Granum, unpublished work). It is not unlikely that more than one enterotoxin may be involved in food poisoning of humans, but addressing this question needs much more research, preferably on strains that have been involved in food poisoning. Although involvement of Aeromonas spp. in food poisoning is still controversial, an increasing number of papers point in the direction of direct involvement. The number of potential enterotoxins that has been suggested over the last years [1] may show the diversity of the di¡erent Aeromonas strains. They are pathogenic to a variety of di¡erent animal species living under very di¡erent conditions (from ¢sh to man). It is not unlikely that di¡erent virulence factors are important under di¡er-ent conditions. Thus we must not only characterise the di¡erent protein toxins, but also address the genetic regulation of transcription. Already we can conclude that temperature and osmolarity are important for cytotoxicity.
